An Alternative Test Protocol 2 (ATP) study was performed in order to validate the use of Colilert-18/Quanti-Tray for measuring fecal coliforms in wastewater samples at 44.5°C
T he term "fecal coliform" has no clear definition but is generally accepted to be that part of the total coliform group that is thermotolerant and largely composed of the genera Escherichia, Klebsiella, Enterobacter, and Citrobacter. Commonly used methods for detection of fecal coliform bacteria use method-derived definitions based on the performance of organisms in a few simple physiological tests. Although the role of this group of organisms has been largely displaced by the use of Escherichia coli as an indicator of potential fecal contamination in drinking water, the fecal coliform group is still widely used as an indicator in wastewater, biosolids, and shellfish harvest monitoring in the United States. Consequently, laboratories continue to use traditional membrane filtration methods, which utilize fermentation of lactose and incubation at 44.5°C to differentiate fecal coliforms from other organisms.
The examination of drinking water for the presence of total coliforms and E. coli is most frequently performed in the United States using methodologies that detect the presence of the enzymes β-D-galactosidase and β-Dglucuronidase as markers of these organisms. Because many laboratories test both drinking and wastewater, this has resulted in many laboratories running two different methods, which is inefficient and increases the QA, training, and demonstration of competency testing that laboratories are required to perform. Furthermore, the membrane filtration-based methods require confirmation using physiological tests, which increases the cost of the tests and delays the availability of final results.
The study reported here examined the ability of a defined substrate technology ® (DST ® )-based method to detect fecal coliforms in wastewater and compared the results to the standard membrane filtration procedure of incubation on membrane-Fecal Coliform (m-FC) agar, with confirmation using lauryl tryptose broth (LTB) and E. coli (EC) broth. The defined substrate method is typically incubated at 35 ± 0.5°C and simultaneously detects total coliforms and E. coli (1) . Several workers have previously used enzymatic methods for detection of fecal coliforms, with varying degrees of success (2-4). Warren et al. (2) and Berg and Fiksdal (3) , were able to detect a single fecal coliform within 20 and 6 h, respectively. Interestingly, in a later study, the second group (3), using the same approach, found 2.9% false positives and 7.8% false negatives. ® is approved by the U.S. Environmental Protection Agency (EPA) for the detection and enumeration of total coliforms and E. coli in source and drinking water samples. In addition, this method is EPA-approved for detection and enumeration of E. coli in wastewater. Advantages of DST methods for the above uses include simplicity, speed, and accuracy, and this study was designed to determine if the use of DST could be expanded to include detection and enumeration of fecal coliforms in wastewater. The purpose of this study was to compare recovery of fecal coliforms from diluted sewage samples using Colilert-18 with Quanti-Tray ® and incubation at 44.5°C
to the recovery using the reference method Standard Methods 9222D with m-FC medium (5) . The design of this study was based on the EPA's Microbiological Alternative Test Procedure (ATP) Protocol for Drinking Water, Ambient Water, and Wastewater (6) .
Method

Sample Sources
Ten effluent samples were collected from 10 different sewage treatment facilities in the New England area for the comparison study. Samples were collected in sterile 500 mL plastic bottles (no sodium thiosulfate) and delivered to the laboratory at 2-8°C. All samples were initially analyzed for fecal coliform concentration within 6 h of collection.
Analytical Methods
A defined substrate technology procedure, Colilert-18/ Quanti-Tray/2000 (IDEXX Laboratories, Westbrook, ME) was compared to the reference method SM 9222D in this study.
Samples were delivered to the laboratory by express courier, checked for temperature and hold time, assigned unique identification numbers, and allowed to equilibrate to room temperature. Aliquots of each sewage sample were used to prepare duplicate serial dilutions (10 -2 through 10 -6 ) in sterile deionized water and analyzed to determine the concentration required to obtain one set of dilutions that contained 20-50 CFU/100 mL. These diluted sewage samples were screened using the Colilert-18/Quanti-Tray procedure to estimate the fecal coliform concentration. Based on these results, the volumes of sewage required to be spiked into 100 mL deionized water to target the upper and lower ends of the desired range (20-50 CFU/100 mL) were determined. Fresh dilutions of sufficient volume were prepared from the original sewage sample (stored at 2-8°C) to allow analysis of 20 replicates of each by both methods. The reference procedure consisted of concentration of each sample by membrane filtration, placing the membrane on a plate of m-FC agar (Northeast Laboratory Services, Waterville, ME), followed by incubation of the plates in a water bath at 44.5 ± 0.2°C for 24 ± 2 h. Plates were examined for typical blue colonies, which were counted as presumptive fecal coliforms.
Each sample (100 mL) for analysis using Colilert-18 was poured into one sterile plastic container, and the medium was added. Samples were gently agitated to allow dissolution of the medium. Each 100 mL aliquot was then poured into one Quanti-Tray (IDEXX Laboratories) and sealed using a heat sealer. The trays were incubated in an incubator at 44.5 ± 0.2°C (Binder KB720, Binder Inc., Great River, NY) for 18-22 h. After incubation, the trays were read by comparing each potentially positive well to a comparator, and the number of positive (yellow) wells was counted and recorded.
Confirmation Procedures
After incubation and enumeration, the dilution that yielded fecal coliform recovery within the target range (20-50 CFU/mL), as measured by the reference method (SM 9222D), was selected for the confirmation step. Using the chosen dilution, a 10 µL aliquot was taken from one positive and one negative well from each Quanti-Tray, inoculated into 10 mL LTB (Difco, Becton Dickinson, Sparks, MD), and processed as described below. Similarly, one positive and one negative colony from each m-FC plate was inoculated into LTB and processed as described below. For archiving purposes, 800 µL of the same positive and negative wells from the Colilert-18 wells was mixed with 200 µL sterile glycerol, and the samples were frozen at -80°C for later use, if necessary. After incubation, 800 µL of each LTB inoculated from m-FC plates was mixed with 200 µL glycerol, and the resulting suspension was frozen at -80°C.
To confirm results from initially positive response samples, one positive plate or well was selected from the set of replicates, and a colony or 10 µL aliquot was inoculated into LTB and incubated at 35 ± 0.5°C for 48 ± 3 h. An aliquot (10 μL) from LTB was inoculated into EC broth (Difco) and incubated (44.5 ± 0.2°C for 24 ± 2 h). Tubes with gas and growth were considered true positives, while tubes with no gas and growth were considered presumptive false positive (PFP). A 10 μL aliquot from each PFP tube was streaked onto Eosin Methylene Blue agar (EMB, Northeast Laboratory Services) and incubated (35 ± 0.5°C for 21 ± 3 h). Typical fecal coliform-type colonies were inoculated onto Nutrient Agar slants (Northeast Laboratory Services) and incubated (35 ± 0.5°C for 21 ± 3 h). These aliquots were uniquely coded and stored at 2-8°C for subsequent identification using the Vitek ® 2 semiautomated bacterial identification system (bioMérieux, Inc., Durham, NC). Vitek 2 results of the genera Escherichia, Klebsiella, Enterobacter, or Citrobacter (fecal coliforms) with confidence ≥90% were considered true positives. Vitek 2 results of other genera, or <90% confidence, were considered PFPs, and further testing was performed using archived aliquots (Figure 1) . Similarly, to confirm results from initially negative response samples, one negative plate or well was selected from the set of replicates, and a negative (non-coliform) colony or 10 µL aliquot was inoculated into LTB and incubated at 35 ± 0.5°C for 48 ± 3 h. LTBs displaying no growth (not turbid) were considered true negatives. If the LTB was positive, the original result was suspect, and the sample was considered a presumptive false negative (PFN). An aliquot (10 μL) from each PFN tube was inoculated into EC broth and incubated in a water bath (44.5 ± 0.2°C for 24 ± 2 h). Tubes with no gas and growth were considered true negatives, while tubes with gas and growth were considered false negatives. The latter were plated on MacConkey agar (Northeast Laboratory Services) and incubated (35 ± 0.5°C for 21 ± 3 h), after which typical fecal coliform-type colonies were harvested and processed as described above for subsequent identification using the Vitek 2 ( Figure 2 ). 
QA/QC
All media were prepared in-house according to the manufacturer's instructions, incubated at use conditions, and evaluated for contamination before use. All purchased media were accompanied by QA/ QC documentation. Temperatures of incubators, water baths, and refrigerators were read twice daily, Monday through Friday, using National Institute of Standards and Technology-traceable thermometers, and were recorded in bound logbooks. The Binder incubators were new, and before the study were validated to maintain specified temperature throughout the chamber when full of test samples. All data were recorded in bound logbooks or controlled access spreadsheets and checked by a second analyst trained in the assay procedures. 
Statistical Procedures
The fecal coliform recovery data generated using Colilert-18 and SM9222D for each site were tested for normality with each effluent sample using the Kolmogorov-Smirnov test. The homogeneity of variance of the fecal coliform recovery for each test, across all matrixes, was tested using the Bartlett's test. Precision within each method was measured using Levene's test. A two-way analysis of variance (ANOVA) was performed across all 10 matrixes to determine whether significant interaction between method and matrix occurred. Because the ANOVA results indicated significant interaction between samples and methods, the fecal coliform recovery comparison was made between methods with each independent effluent sample using a two-sample t-test.
Results and Discussion
The recovery of fecal coliforms using both test methods for the 10 different samples is shown in Table 1 and includes mean, range, SD, and RSD for each method. Even without the application of statistical methods, it is clear that the defined substrate method recovered more fecal coliforms than the membrane filtration-based reference method. In fact, the SM9222D procedure recovered only 73% of the total number of fecal coliforms recovered by the Colilert-18 procedure.
Assessment of Normality
The recovery data for Colilert-18 and SM9222D was tested for normality with each effluent sample using the Kolmogorov-Smirnov test (data not shown). Analysis of these data indicated fecal coliform recovery by both methods was consistent with a normal distribution, with P-values in excess of 0.366 for most samples. An exception to this was one effluent tested by Colilert-18 method, which had a P-value of 0.119. However, this P-value is greater than the usual threshold of 0.10. These results confirm that the assumption of normality was met for both test methods.
Assessment of Precision Within Each Method
The homogeneity of variance in fecal coliform recovery across all matrixes for each test method was tested using the Bartlett's and Levene's tests (data not shown). For the Colilert-18 method, the variances across the 10 sites were similar with a P-value of 0.308. For SM9222D, the variances across the 10 sites were not homogeneous with a P-value of 0.006. Additional analysis using Levene's test showed good internal consistency (P >0.05) with Colilert-18 but not with SM9222D. The low internal consistency with SM9222D seems to underscore the difficulty in interpreting the results of this method with true environmental samples.
Assessment of Precision Between Methods
The variance equality in fecal coliform recovery between Colilert-18 and SM9222D was tested using the F-test, assuming a normal distribution in recovery with each effluent sample (data not shown). The variability of fecal coliform recovery by the Colilert-18 method was statistically equivalent (P > 0.05) to SM9222D with 80% of the effluent samples tested. SM9222D showed higher precision with two of the effluent samples (sites 2 and 3). As noted above, SM9222D had the lower overall precision across the 10 matrixes as measured by Levene's test. This complicates the comparison of precision between the methods because such an analysis assumes internal consistency within each method.
Fecal Coliform Recovery
A two-way ANOVA across all 10 matrixes revealed that a significant interaction (P = 0.00) was present between the test methods and effluent samples. As a result, the fecal coliform recovery comparison was made between methods with each independent effluent sample using a two-sample t-test, rather than across all samples and sites.
Recovery of fecal coliforms by Colilert-18 and SM9222D was compared (Table 2) , and clearly Colilert-18 was more effective at recovering fecal coliforms than was SM9222D. Of the 10 effluents tested in this study, Colilert-18 recovered a statistically larger population of fecal coliform bacteria (P < 0.05) than did SM9222D in 80% of the effluents tested. Colilert-18 and SM9222D recovered an equivalent number of fecal coliform bacteria (P = 0.623) from site 10 and Colilert-18 recovered a statistically smaller number of fecal coliforms (P = 0.003) than did SM9222D from site 5.
Assessment of False-Positive and False-Negative Rates
A minimum of 200 presumptive positive responses from each test method were confirmed using both EC broth and Vitek identification to verify the accuracy of each test. For the purposes of this study, a fecal coliform was defined as any member of the genera Escherichia, Klebsiella, Enterobacter, or Citrobacter capable of growing at 44.5 ± 0.2°C. This definition was applied equally to the DST and SM9222D methods, and the results are shown in Table 3 . The majority of the presumptive positive samples were confirmed as being true fecal coliform bacteria by the EC broth method. However, a substantial number of isolates (12.5-22.5% of presumptive positives, depending upon the method) required further characterization by the Vitek bacterial identification system because they failed to generate gas in the EC medium when grown at 44.5 ± 0.2°C (Table 3 ). The identity of these anaerogenic fecal coliform bacteria was primarily either E. coli or K. pneumoniae.
A minimum of 200 presumptive negative colonies (i.e., non-blue) or wells (i.e., non-yellow) were confirmed using EC broth and, where necessary, Vitek identification. The results are shown in Table 4 . The confirmed false-negative rates for Colilert-18 method was 7.0 %, considerably lower than the 21.5% seen with SM9222D (Table 4) . Interestingly, 75% (33 of 44) of the false-negative isolates for the reference method (SM9222D) belonged to the genera Escherichia; almost all of the remainder were Klebsiella (Table 5 ). In contrast, approximately one quarter (4 of 14, or 29%) of the Colilert-18 false-negative responses belonged to the genus Escherichia; the remainder (10 of 14, or 71%) were Klebsiella ( Table 5 ).
The confirmed false-negative rate of SM9222D was 21.5%, which far exceeded the rate for Colilert-18. The genera identified from false-negative m-FC samples included Escherichia, Klebsiella, and Enterobacter; however, the majority (75%) of the confirmed falsenegative responses for m-FC belonged to the genus Escherichia ( Table 5) .
Determination of Accuracy
Various measures of method accuracy have been reported in the literature. In this study, the following equation was used:
where TP = number of true positives; TN = number of true negatives; FP = number of false positives; and FN = number of false negatives).
Using this equation, and the data from the confirmed colonies/wells shown in Tables 3 and 4 , the respective accuracy rates for each method were calculated as 96.5 and 88.9% for Colilert-18 and SM9222D, respectively.
The data generated during this study are consistent with those generated by many other studies showing that enzyme-based methods consistently detect more coliforms than lactose-based methods (1, 7) . The results presented here also show that direct comparison of methods can demonstrate differences in performance between two methods (1, 7) . Differences in the performance of microbiological methods can be caused by many factors, including formulation of the medium (particularly the compounds used to inhibit nontarget organisms), temperature of incubation, and the use of membrane filtration as opposed to inoculation directly into liquid media. Of particular note, however, is the plethora of recent studies (1, 7) comparing methods that use media containing substrates for the enzyme β-Dgalactosidase with methods that rely upon fermentation of lactose (with or without the production of gas). There are many strains of coliforms, including those belonging to the so-called fecal coliforms (i.e. Escherichia, Klebsiella, Enterobacter, and Citrobacter) that fail to ferment lactose within 48 h but give a positive reaction for β-D-galactosidase (8, 9) . This factor alone can result in differences of approximately 20% between methods (1, 7).
Membrane filters can often be difficult to read, particularly when large numbers of nontarget organisms are present. The presence of large numbers of nontarget organisms can result in a wide diversity of colonial morphologies for the target organism. During this study, membranes incubated on m-FC were sometimes difficult to interpret consistently, and this has been our experience with routine samples submitted to our laboratory. In contrast, methods such as Colilert-18 produce results that are simple to read with considerably less subjectivity. Colilert-18 outperformed SM9222D at recovering fecal coliform bacteria from at least 80% of the effluent samples tested. One factor that may account for these differences in fecal coliform recovery is that SM9222D tended to underestimate the concentration of fecal coliforms that were present due to its much higher false-negative rate than the other method studied here. Some fecal coliforms were present on the m-FC medium, but did not display the typical blue colony morphology specified in the method; therefore, they were not included in the presumptive fecal coliform count.
The lack of a distinctive blue colony formation can be due to the presence of nontarget bacteria, but also because some target bacteria do not form typical colonies on m-FC medium. In particular, it is also likely that some strains that caused the false-negative reaction were weakto-moderate lactose-fermenting organisms (at 44.5°C) and did not produce sufficient acid to react with the m-FC indicator and produce the typical blue color. Organisms that ferment lactose slowly at 44.5°C are often encountered in environmental samples. Such strains would not generally confirm with EC broth, which uses lactose fermentation for identification. Both methods examined in this study, Colilert-18 and SM9222D, showed very low falsepositive rates (<2%); however, Colilert-18 yielded fewer false-negative results (7.0 versus 21.5%). Comparison of calculated accuracy rates (96.5 and 88.9% for Colilert-18 and SM9222D, respectively), indicate Colilert-18 to be the superior method.
Conclusions
The results of this study indicate that the Colilert-18 method meets the EPA ATP acceptance criteria for alternative methods. Fecal coliform recovery by Colilert-18 exceeded that achieved by SM9222D with at least 80% of the individual effluent samples when the site-specific recovery was compared.
The relatively high false-negative rate of SM9222D (21.5%) did not fully explain the differences between the methods studied here. Of particular concern is the use of confirmation procedures for SM9222D that require production of gas during fermentation. Many anaerogenic strains of the four genera that comprise the fecal coliform group exist, and these are of no less health significance than aerogenic strains. Similarly, non-lactose-fermenting strains of some of these four genera occur frequently (8, 9) .
It is clear that m-FC medium significantly underestimates the number of true fecal coliforms present in sewage effluents. Thus, the use of SM9222D with m-FC medium to measure fecal coliform concentration as an indicator of the microbiological quality of effluent waters, biosolids, and ambient waters must be called into question.
In conclusion, this study has demonstrated that Colilert-18 meets the acceptance criteria outlined by the EPA ATP for alternative methods. The use of this DSTbased method can be recommended for examination of environmental samples for the presence of fecal coliforms.
